The endoplasmic reticulum (ER) of plant cells undergoes a drastic reorganization during cell division. In tobacco NT-1 cells that stably express a GFP construct targeted to the ER, we have mapped the reorganization of ER that occurs during mitosis and cytokinesis with confocal laser scanning microscopy. During division, the ER and nuclear envelope do not vesiculate. Instead, tubules of ER accumulate around the chromosomes after the nuclear envelope breaks down, with these tubules aligning parallel to the microtubules of the mitotic spindle. In cytokinesis, the phragmoplast is particularly rich in ER, and the transnuclear channels and invaginations present in many interphase cells appear to develop from ER tubules trapped in the developing phragmoplast. Drug studies, using oryzalin and latrunculin to disrupt the microtubules and actin microfilaments respectively, demonstrate that during division, the arrangement of ER is controlled by microtubules and not by actin, which is the reverse of the situation in interphase cells. 
Introduction
In interphase cells of plants, the endoplasmic reticulum (ER) forms into numerous distinct arrays [16, 39] . These arrays include a comparatively stable, reticulate, cortical network and highly dynamic subcortical ER tubules. These in turn are interconnected and continuous with the nuclear envelope. The presence of these different arrays in living cells was first demonstrated with the carbocyanine dye DIOC 6 (3) and DIC video microscopy [1, 16, 21, 24, 32, 33] , and more recently with green fluorescent protein (GFP) targeted to the lumen of the ER [5, 6, 13, 19, 29, 34, 38] . The movement of the motile ER tubules in interphase cells is a microfilament-based process, as actin bundles lie parallel to the ER [1, 5, 25] , the motor protein, myosin colocalizes with the ER [25] , disruption of the actin cytoskeleton with cytochalasin results in the cessation of ER movement [21] . Actin disruption also prevents the reorganization of ER that precedes cell division in cultured cells [38] . However, the factors responsible for organization of the cortical array, and whether they are cytoskeletal or not, have been more difficult to characterize.
In contrast to the numerous characterizations of ER organization in interphase plant cells, few detailed studies have been published of ER dynamics during plant cell division. This is important, however, for several reasons. First, the ER is continuous with the nuclear envelope during interphase so that proteins localized to the lumen of the ER are also found within the nuclear envelope, and knowing the fate of the ER during mitosis will suggest the localization of luminal proteins [6, 18] . Second, electron micrographs of 5 dividing plant cells show a close association between tubules of ER that run parallel to the microtubules in both the mitotic spindle [14, 15, 31] and the phragmoplast, the plant specific structure responsible for the formation of the new cell wall in cytokinesis [2] .
These results have been confirmed by observations of the accumulation of ER-targeted GFP within the spindle and phragmoplast [29] . It is unknown when in the cell cycle these ER tubules arrive at these regions. Third, phragmoplast formation in plants requires ER and Golgi apparatus-derived vesicles to run along microtubules to the equator of the cell [15, 30] where they consolidate into a sheet that expands outwards as more vesicles fuse, eventually meeting with and fusing with the parent cell wall to complete cell division [35] . Understanding ER dynamics during cell division and their dependence on the cytoskeleton may suggest a mechanism of phragmoplast formation. And finally, some plant nuclei contain deep invaginations and trans-nuclear strands. As these structures are bounded by the nuclear envelope, they are continuous with the ER, but their formation, hypothesized to occur during cell division, remains uncertain [6] .
In this study therefore, we have taken advantage of tobacco NT1 and BY-2 cell lines that stably expresses ER-targeted GFP to look at the behavior of ER during cell division, and how the ER interacts with the cytoskeleton. Our data confirm extensive accumulation of ER within the mitotic spindle and phragmoplast, and show that this reorganization of the ER during mitosis is maintained by microtubules, as opposed to the actin cytoskeleton. 
Results

Endoplasmic reticulum organization in interphase cells.
ER dynamics during interphase and cell division were characterized in tobacco NT-1 cells by visualizing GFP-ER with laser scanning and spinning disk confocal microscopy. In interphase cells, the ER formed three different arrangements, confirming earlier studies that used DIOC 6 (3) to stain membranes [1, 33, 24 ; our data, not shown], and ER-targeted GFP constructs in cultured tobacco [19, 29, 38] and cell types [5, 6, 13, 34] . First, cortical ER formed polygonal arrays similar to those found in animal cells and other plant cells (Fig. 1A, arrow) . The cortical ER exhibited slow movement and intersections of cortical ER were generally three-way. Second, ER tubules extended from the cortical ER into the cytoplasm traversing between vacuoles (Fig. 1B, arrows) . This ER was dynamic, and showed rapid cytoplasmic streaming relative to cortical ER, with streaming visible in successive images of a time course (Fig. 1D, arrow) . Third, the ER surrounded and was continuous with the nuclear envelope (Fig. 1C,E, arrow) . In many interphase cells, penetrations of the nuclear envelope extended into the nucleus forming invaginations and channels that crossed the entirety of the nucleus ( Fig. 1E,F; supplemental file movie1.avi) [6] . These channels often showed extensive branching patterns, and could contain internal ER structures suggesting that they contain cytoplasm and ER rather than being a simple infolding of the inner nuclear membrane. 7 
Nuclear envelope / endoplasmic reticulum organization during mitosis and cytokinesis
Confocal imaging of GFP-ER revealed ER organization during cell division, and showed that vesiculation of the endomembrane system did not occur (Figs. 2, 3; supplemental files movie2.avi and movie3.avi). Prior to nuclear envelope breakdown at the beginning of prophase, but subsequent to chromosome condensation, the nuclear envelope became more brightly labeled (Fig. 2 , 0 min; supplemental file movie2.avi) indicating accumulation of ER. As division progressed, the nuclear envelope became oblong and an increasing number of ER protrusions penetrated the nucleus (Fig. 2, 4 and 12 min, arrows) accompanied by a marked increase in the intensity of the ER at the spindle poles. This spindle pole accumulation of ER has previously been reported [29] As the nuclear envelope dissipated in prophase, ER encompassed the condensed chromatin forming a complicated network of tubules (Fig. 2, 22 min) that eventually was resolved as the metaphase spindle was formed. During metaphase, the ER mimicked the form of the mitotic spindle, and strands of ER were interleaved between metaphase chromosomes that were arrayed at the equator of the cell (Fig. 2, 32 min; Fig. 3 , 0 min, arrows). These tubules aligned in the orientation of the spindle, parallel to the presumed orientation of the microtubules. Spindle orientation was determined by observation of chromosomes, either from DIC images, or in optical series where transmitted light images were not collected, from observing the regions in the spindle from which ER was excluded (see also below). 8 As the chromosomes migrated toward the poles of the cell during anaphase, they continued to be encompassed by tubes of ER, and ER filled the space between the separating sets of chromosomes (Fig. 2, 40 min, arrows; Fig. 3, 3 and 6 min, arrow; supplemental file movie3.avi). As the duplicate pairs of chromosomes were completely segregated, the cell plate and phragmoplast began to form (Fig. 2 , 50 min arrow; Fig. 3, 18 min, arrow) . Throughout phragmoplast formation, there was a continual increase in the intensity of the GFP-ER to the point of saturation beyond the dynamic range of the detector, indicating rapidly increasing amounts of ER present in the phragmoplast (Fig. 3, 24 to 51 min). Perpendicular strands of ER connected the phragmoplast to the rudimentary daughter nuclei. As the phragmoplast expanded to connect with the cell wall, the nuclear envelopes of the two daughter cells re-formed, and the nucleoli reappeared. Once the phragmoplast and nuclear envelopes had formed, the daughter nuclei shifted away from the new cell wall, and were positioned toward the center of each new cell (data not shown).
ER tubules in the spindle and phragmoplast lie parallel to microtubules
Our observations of ER tubules in living cells suggested that they lay parallel to spindle and phragmoplast microtubules. We have confirmed this by fixing and immunolabeling the ER-targeted GFP-expressing cells for tubulin (Fig. 4) . ER organization in the fixed cells appeared similar to that in living cells throughout the cell 9 cycle, with extensive subcortical arrays, the nuclear envelope, and nuclear channels and invaginations being visible, suggesting that little ER reorganization occurred during the fixing and immunolabeling procedures. However, we did not observe either the delicate cortical ER array nor the accumulations of ER adjacent to spindle poles. Interphase and prophase cells had distinct cytoplasmic ER and nuclear envelopes with relatively few perinuclear microtubules (Fig. 4A,B) . During prophase and prometaphase, ER protrusions formed from the nuclear envelope into the nucleus that contained microtubules (Fig. 4B,C, arrows) . In metaphase cells, alignment of ER tubules with the spindle microtubules was apparent (Fig. 4D , arrowheads), with this alignment maintained during anaphase (Fig. 4E, arrowheads) , and with the phragmoplast microtubules during telophase (Fig. 4C,F, arrowheads) .
Do interphase nuclear channels form because of lagging chromosomes during cell division?
Nuclear invaginations and channels were observed in both living (Fig. 1D ,E) and fixed interphase cells (Fig. 4A) . We previously speculated that nuclear channels might form during cell division [6] , and in Figure 3 , between 39 and 51 min, nuclear channels in one daughter cell were visible (arrowheads) matching the locations where separating chromosomes lagged in division. As the nuclear envelope reformed around these strands of ER, these internal strands of ER remained within the nucleus, creating the nuclear channels. 10 
Organization of cytoplasmic endoplasmic reticulum during cell division
As nuclear envelope breakdown progressed, the transvacuolar strands of ER in the cell decreased in number as the ER aggregated around the nuclear region. Although the cytoplasmic ER changed organization, the cortical ER remained in its patterned, fenestrated arrangement beneath the plasma membrane ( 
Immunofluorescence observations of cytoskeletal disruption and ER organization
As we were interested in observing the effects of cytoskeletal disruption on ER organization in living cells undergoing division, we used immunofluorescence to assay the effects of drugs that target the cytoskeleton on microtubules and actin microfilaments.
Compared to control cells that had extensive arrays of both actin and microtubules ( Fig. 6A ), 5 min treatments with 5 µM latrunculin ( Fig. 6B ) and 5 µM oryzalin (Fig.6C) caused extensive disruption to the actin and microtubules respectively. These observations are consistent with cytoplasmic streaming slowing immediately, and ceasing 11 within 12 min following latrunculin treatments (data not shown). Our observations are also consistent with published reports that 5 µM oryzalin disrupts microtubules in cultured tobacco cells [4] , and that 1.25 µM latrunculin B causes actin reorganization in tobacco protoplasts [43] , with 20 µM latrunculin B causing major actin disruption [12] .
Effects of microtubule destabilization on endoplasmic reticulum arrangement
Oryzalin (5 µM) caused no obvious changes in ER organization in interphase tobacco NT-1 cells, but significantly changed ER organization in dividing cells (Fig. 7) .
In prophase cells where the nuclear envelope had broken down, microtubule disruption prevented cells from progressing out of prophase. ER organization also remained in its prophase configuration, characterized by ER encompassing the condensed chromosomes (Fig. 7A ). Cells perfused with oryzalin during metaphase also arrested at metaphase, and the tubular strands of the ER network rapidly retracted toward the centrally placed chromosomes (Fig. 7B ). Cells perfused with oryzalin after the transition to anaphase exhibited chromosome segregation, but chromosomes did not migrate toward the cell poles. In such cells, the ER lost its tubular appearance (Fig. 7C, 1 min) , and the highly prominent ER phragmoplast never formed even after nuclear envelopes reformed around the segregated genetic material, and the nucleoli reappeared in both daughter cells 
Effects of actin disruption on endoplasmic reticulum arrangement
In mitotic cells perfused with latrunculin B (5 µM) before nuclear envelope breakdown, the processes of cell division and the duration of mitosis, were unaffected and cells continued through the process of cell division, although the cell plate did not form properly between the new daughter nuclei (Fig. 8) . Generally, latrunculin did not cause changes to ER organization, although it did cause some cytoplasmic ER to assume a bubble-like vesiculated and disconnected conformation (Fig. 8, 4 min, arrows).
Cortical ER remained in its normal configuration, and ER associated with dividing cells was still interspersed in the mitotic spindle (Fig. 8, 0 min, arrows) and prominent in the phragmoplast (Fig. 8,14 to 26 min, arrowheads). These results demonstrate that changing the organization of actin in dividing cells has little impact on the organization of the ER. 
Discussion
Previous reports of ER during plant cell division have described static images from electron micrographs in which the entirety of ER structure was not visible [14, 15, 17, 20, 31] . Using living cells with GFP targeted to the ER allowed observations of the dynamics of ER. Our data show a reorganization of the ER during cell division, which is directed by microtubules and not actin microfilaments, and which is tubular and not vesicular in nature. These observations are consistent with similar studies conducted in animal cells which demonstrated a close involvement of the ER in cell division, and where nuclear envelope breakdown takes place at the end of prophase/beginning of prometaphase and is preceded by protrusions of the nuclear envelope into the nucleus [40] .
ER organization changes during cell division
Our observations of GFP-ER in living tobacco NT-1 cells show that the organization of ER changes during cell division. In the initial stages of mitosis, we found that tubules of ER protrude into the nuclear envelope as the chromosomes begin to condense. We confirmed this effect in immunolabeled material, and showed that these ER protrusions contain microtubules. Further, during spindle formation, there is an intense increase in GFP-ER fluorescence at the spindle poles. The nuclear envelope was not observed to "break down" or vesiculate. Rather, it appears that it may be absorbed 14 into the ER, thereby causing the increase in the intensity of GFP-ER. Were this to be true, the term "nuclear envelope breakdown" would be a misnomer, and would better be termed "nuclear envelope absorption." During metaphase and anaphase, a combination of live cell imaging and immunofluorescence showed that ER tubules lie parallel to the mitotic spindle enmeshing the chromosomes. During cytokinesis, ER accumulates in the phragmoplast where it is involved in the delivery of components to the developing cell plate.
These observations extend electron microscopy analyses that observed tubular ER during plant cell division [14, 15, 31] . Hepler (1980) described ER aggregation at the polar regions of the nucleus following the prometaphase breakdown of the nuclear envelope, and that during metaphase, tubes of ER surround the mitotic apparatus, protrude into its interior and encompass the chromosomes. He also observed aggregations of ER adjacent to the spindle poles of barley cells [14] . Interestingly, Golgi stacks also accumulate around the spindle poles during mitosis [29] . Pickett-Heaps and Northcote (1966) also observed ER tubules interdigitating between chromosomes aligned on the metaphase plate in wheat meristems [31] . We observed similar transitions in living tobacco cells with GFP-ER, including ER aggregates adjacent to the spindle poles of some dividing cells. These studies do, however, stand in contrast to some earlier electron microscopy studies that describe extensive vesiculation of both the nuclear envelope and ER during plant cell division, although they did document similar reorganizations of the ER [20] that may have been caused by the harsh fixations required for electron microscopy. 15 Our observations of ER during plant cell division match similar observations in various animal cells. Using ER-targeted GFP in insect, echinoderm, and mammalian cells, these studies have shown a general dependence of the organization of the ER in higher eukaryotes on the microtubule cytoskeleton, and that that ER remains continuous during mitosis, as opposed to vesiculating, with the constituents of the nuclear envelope being absorbed by the ER during nuclear envelope breakdown, and then re-emerging from the ER at the end of mitosis [9, 11, 40, 45, 47, 48] . During interphase, the extension of ER tubules occurs as microtubules extend, although depolymerization of microtubules does not disrupt the ER network unless microtubule depolymerization is prolonged [41, 44] . In cell division in sea urchin embryos, similar finger-like indentations of the nuclear envelope occur prior to nuclear envelope break down. Furthermore, microtubules also seem to direct arrangement of ER during cell division. Treatment of mitotic sea urchin embryos with nocodazole, a microtubule depolymerizer, did not prohibit the accumulation of ER at the spindle poles, although the arrangement was irregular and not bipolar [40] . In some mammalian tissue culture cells depolymerization of microtubules induced a distinct loss of organization of the membranous components of the spindles, suggesting that microtubules organize the membrane distribution in some mammalian tissue culture cells. Immunofluorescence studies showed that spindle membranes were associated with microtubules throughout mitosis. These results support the hypothesis that, at least in some cells, ER distribution is maintained by the microtubule cytoskeleton [45] . In Xenopus egg extracts, however, the motility of organelles and vesicles along Factin bundles in vitro increases in metaphase bundles compared to interphase, suggesting 16 that F-actin is active in the dynamics and localization of the ER during cell division [46] .
Together, these results suggest that microtubules can organize the distribution of membranes in mitotic cells, and that this organization may vary in different cell types depending on the number of microtubules within the spindle, or other factors such as the role of the actin cytoskeleton and actin-based motors.
The cytoskeleton and endoplasmic reticulum during cell division
As cells progress from interphase to cell division, the cytoskeletal factors that organize the ER switch from being actin-based to microtubule-based. In interphase cells, actin disruption with latrunculin caused subcortical ER to cease streaming and "bubbles" to form in some of the cytoplasmic ER patterning. Microtubule disruption with oryzalin, however, has little effect on the organization of either the streaming subcortical ER or the polygonal patterning of the cortical ER adjacent to the plasma membrane. These results match previous observations that the dynamic streaming of the subcortical ER occurs through interactions with actin bundles and not microtubules [1, 5, 24, 32] , and that ER redistributions prior to cell division are also actin-based [38] .
In contrast, ER organization during cell division depends on microtubules and not actin. ER organization is maintained during latrunculin treatments in mitotic cells, consistent with the general lack of actin within the plant mitotic spindle [36] . Our data is also consistent with the functional disruption of the actin cytoskeleton, whether by actin- 17 or myosin-inhibiting drugs or by profilin microinjections, not delaying mitosis but inhibiting processes in cytokinesis such as the correct formation and alignment of the cell plate [28, 37, 42] .
Our data show that the organization of ER around chromosomes during mitosis and cytokinesis depends on microtubules. Not only do both live cell imaging and immunofluorescence show that the ER aligns with microtubules in the spindle and phragmoplast, as previously observed by electron microscopy [14] , but microtubule disruption, which blocks cell division, modifies ER organization. Microtubule disruption during metaphase causes the ER to collapse as if the tension suspending the ER had disappeared, while microtubule disruption during anaphase prevents the formation of the ER-rich phragmoplast suggesting that microtubules may be necessary for the localization of this ER. Further, we suggest that microtubules begin directing ER arrangement at nuclear envelope dissipation, and that the ER follows microtubules into the creation of the spindle, continuing through the plane that holds the chromosomes.
Our observations that ER organization during cell division depends in part on microtubules shows that different organelles can behave differently during cell division.
For example, the localization of the Golgi apparatus into the so-called Golgi-belt in cytokinetic tobacco BY-2 cells does not depend on either actin or microtubules [29] , whereas the redistribution of peroxisomes into a phragmoplast-linked band in dividing onion root tip cells is strictly actin-dependent [8] . Microtubules, however, may be involved in the delivery of ER-derived vesicles to the phragmoplast of cytokinetic 18 Arabidopsis cells through the interaction of a vesicle-localized kinesin, AtPAKRP2, with microtubules [23] . Furthermore, tobacco BY-2 cells contain many different kinesins, and of 15 recently identified kinesins, the majority were shown to be division-specific through northern blot analysis of synchronized cell cultures [27] . There are also upwards of 60 kinesin proteins in the Arabidopsis genome, most with unknown functions [22] .
Some of these may be the connection between microtubules and ER that occurs in mitosis.
The formation of nuclear grooves
Many plant nuclei contain deep grooves, invaginations and channels of cytoplasm that are stable, and which contain actin bundles that support cytoplasmic streaming. We have speculated that such structures might be formed during cell division [6] . Stable and persistent invaginations have also been observed in numerous animal nuclei [10] , but their formation has not been described. During cell division in tobacco NT-1 cells, condensed chromosomes are surrounded by ER. In this study, nuclear invaginations formed after cell division in daughter nuclei where chromosomes lagged in the transition from metaphase to anaphase. This suggests that lagging chromosomes may cause an accumulation of leftover ER within the nucleus as the nuclear envelopes for the daughter nuclei reform, and ER is trapped within the nuclei. This observation does not, however, exclude the possibility that nuclear grooves and invaginations can form de novo in plant cells during interphase. 
Materials and methods
Plant material
Nicotiana tabacum NT-1 suspension culture cells expressing ER-targeted GFP were the kind gift from George Allen and Bill Thompson (North Carolina State University). Protoplasts of the tobacco NT-1 suspension culture line were transformed by electroporation with a pUC-based vector that was derived from the mGFP5 vector developed by Jim Hasseloff [13] , and which, like the original vector, contained the cauliflower mosaic virus 35S promoter, signal sequence, GFP construct, HDEL ER retention sequence, and a nopaline synthase terminator. Callus cells were regenerated, and after three weeks, a stable transformant was selected on the basis of high GFP expression. Cells were kept in constant culture with weekly sub-culturing in Murashige and Skoog medium supplemented with 3% sucrose, 1 µg.ml -1 thiamine, 100 µg.ml Both cell lines showed similar ER organization during interphase and cell division, and the interphase arrays were similar to published images of tobacco BY-2 cells expressing ER-targeted DsRed [19] and tobacco mesophyll protoplasts expressing ER-targeted GFP [38] . 20 Mitotic cells for the study were obtained from cultures transferred 2 -4 d prior to the experiment. Synchronization of cells using drug treatment was unnecessary because the actively proliferating young cultures ensured the existence of many mitotic cells.
Live cell imaging
Confocal optical sections and time series were collected of cells throughout mitosis and interphase using a Leica TC SP2 confocal laser scanning microscope on either upright or inverted microscopes, with plan-apochromat 40x 1.4 NA oil-immersion and 63x 1.2 NA water-immersion objectives, and with 488-nm excitation. Alternatively, images were collected on an Eclipse TE300 inverted microscope (Nikon, Tokyo, Japan)
equipped with an Ultraview spinning-disk confocal system (Perkin Elmer Life Sciences, Boston, MA, USA) with a plan-apochromat 60x 1.2 NA water immersion objective [26] with a plan-apochromat 60x 1.2 NA water immersion objective. GFP was excited at 488 nm, and emission collected through a band pass filter centered at 510 nm. The spinning disk confocal allows high resolution imaging with low excitation to prevent photobleaching and disruption of the cells. Time series of cells progressing through mitosis were recorded with both confocal systems by averaging two images every two or three minutes. Vertical optical sections were collected by averaging two images collected approximately every 0.7 µm through a cell. Images were processed using the Metamorph Image analysis program (Universal Imaging, Downington, PA, USA). 
Live cell specimen preparations
Cells were imaged in growth media on slides, but for drug treatments involving perfusion of oryazlin or latrunculin, it was necessary to embed the cells in agarose. 
Immunofluorescence microscopy
Cells were washed in cytoskeleton stabilization buffer (CSB; 50 mM Pipes pH 7.2, 2 mM EGTA, 2 mM MgSO 4 ) for several minutes will being allowed to settle on slides coated with 0.1% polyethyleneimine. Cells were then fixed in CSB containing 4%
formaldehyde, 1% glutaraldehyde, 400 mM maleimidobenzoyl-N-hydroxysuccinimide In preprophase, ER tubules penetrated the nuclear envelope (4 and 12 min, arrows), rapidly followed by nuclear envelope breakdown at prophase (22 min). Metaphase ER organization looked similar to that of untreated cells. Although some ER "bubbles" 35 were seen in the cytoplasm (4 min, arrows), the ER still formed arrays that mimicked the mitotic spindle (0 min, arrowheads), and remained prominent within the phragmoplast (14 to 26 mins; arrowheads). Bar = 5 µm for all images. 36 Supplemental files:
movie1.avi accompanies Figure 1 (1.66 MB)
Optical sectioning through a small part of a cell show a nucleus containing an invagination and a transnuclear channel, both of which contain further ER elements.
Depths from the surface of the nucleus are indicated. Bar = 5 µm. A time-course showing changes in ER organization during cell division, over 51 minutes from metaphase through to telophase. In metaphase, strands of ER occurred interleaved 37 between the chromosomes (0 min), but as anaphase commenced (3 min), the ER rapidly filled in the space between the separating chromosomes. Two lagging chromosomes were seen during anaphase (6 min), and after the nuclear envelope reformed (24 -33 min), channels of ER crossed the nucleus at the locations of these lagging chromosomes. As all images in this sequence were collected and processed in a similar manner, the increased intensity of phragmoplast labeling indicates a concentration there of ER. Bar = 10 µm.
movie4.avi accompanies Figure 6 (1.60 MB)
